The effects of oleuropein, a phenolic compound in extra virgin olive oil (EVolive oil), on triglyceride metabolism were investigated by measuring the degree of thermogenesis in interscapular brown adipose tissue (IBAT), and noradrenaline and adrenaline secretions in rats. In Experiment 1, rats were given a high-fat diet (control diet) with the oleuropein supplementation of 1, 2 or 4 mg/kg of diet (0.1, 0.2 or 0.4% oleuropein diet, respectively). After 28 d of feeding, body weight, perirenal adipose tissue, epididymal fat pad, and plasma triglyceride, free fatty acid and total cholesterol concentrations were reduced by the 0.1, 0.2 or 0.4% oleuropein diet and were significantly lowest in rats fed the 0.4% oleuropein diet, as compared with those of rats fed with the control diet. The content of uncoupling protein 1 (UCP1) in IBAT and urinary noradrenaline and adrenaline excretions were significantly higher in rats fed the 0.1 or 0.2% oleuropein diet, as compared with those of rats fed with the control diet, although there were no significant differences in rats fed the 0.4% oleuropein diet. In Experiment 2, the effects of oleuropein on noradrenaline and adrenaline secretion were evaluated. The intravenous administration of oleuropein and oleuropein aglycone significantly increased plasma noradrenaline and adrenaline concentrations. Furthermore, oleuropein aglycone induced the secretions of noradrenaline and adrenaline about ten fold more potently than oleuropein. These results suggest that the phenolic compound oleuropein in EV-olive oil enhances thermogenesis by increasing the UCP1 content in IBAT and noradrenaline and adrenaline secretions in rats.
Olive oil appears to be an example of a functional food with various components, such as monounsaturated fatty acids that may contribute to its health benefits, and is also a good source of phytochemicals, including polyphenolic compounds ( 1 -10 ) . Olive oil is a source of at least 30 phenolic compounds ( 6 -8 ) , and particularly, extra virgin olive oil (EV-olive oil) contains considerable amounts of phenolic compounds, e.g., hydroxytyrosol and oleuropein, which are responsible for its peculiar taste and high stability ( 1 ) . There is accumulating evidence that olive oil phenolics are powerful antioxidants, both in vivo and in vitro, and that they exert other potent biological activities that could partially account for the observed beneficial effects of the Mediterranean diet ( 1 , 11 , 12 ) . However, there have been few reports on the nutritional effects of phenolic compounds in olive oil on triglyceride catabolism. Furthermore, the components of olive oil that are effective in enhancing triglyceride catabolism have not been clarified yet. In a recent study, olive oil feeding induced the highest uncoupling protein (UCP) 1, UCP2, and UCP3 mRNA expression levels in IBAT ( 13 ) . It was suggested that olive oil induces the up-regulation of UCP mRNA, which is probably not mediated by systemic metabolic changes and is related to local effects on interscapular brown adipose tissue and skeletal muscle ( 13 ) . However, there is as yet no information available on the effects of olive oil components on UCP content and mRNA expression level. A previous study in our laboratory showed, in vivo and in situ, that phenols except hydroxytyrosol in EV-olive oil enhance thermogenesis by increasing the UCP1 content in IBAT and enhancing noradrenaline and adrenaline secretions in rats ( 14 ) . Furthermore, it was suggested that the oleuropein fraction (mainly containing oleuropein and oleuropein aglycone) in the phenolic fraction from EVolive oil enhances noradrenaline and adrenaline secretions ( 14 ) . Oleuropein is the pungent principle of olives E-mail: oi@suma.kobe-wu.ac.jp and is found in EV-olive oil and in its aglycone form. Therefore, the present study was carried out to futher determine in detail whether oleuropein enhances triglyceride catabolism and thermogenesis. Triglyceride metabolism is known to be stimulated by catecholamines (noradrenaline and adrenaline) released through the stimulation of the activities of the sympathetic nervous system and subsequent thermogenesis ( 15 -18 ) . Noradrenaline secretion, in response to sympathetic nervous system stimulation, likely plays a major role in the regulation of thermogenesis in brown adipose tissue (BAT) ( 19 , 20 ) . Sympathetic nervous system stimulation has been reported to regulate thermogenesis by increasing the content of UCP, particularly subtype 1 (UCP1) but not UCP2 or 3, in BAT ( 15 , 21 -23 ) . In this study, we performed in vivo (Experiment 1) and in situ experiments (Experiment 2) on rats to determine whether oleuropein stimulates triglyceride catabolism by measuring UCP1 content in interscapular BAT (IBAT) and noradrenaline and adrenaline secretions.
MATERIALS AND METHODS
Animal care. Male Sprague-Dawley rats (Japan SLC, Inc., Shizuoka, Japan) were housed individually in stainless steel wire-bottom cages in a room maintained at 22-24˚C and with a relative humidity of about 50%. The room was illuminated from 07:00 h to 19:00 h. Tap water was freely available. Four-week-old rats were purchased for Experiment 1 and 7-wk-old rats were purchased for Experiment 2; these rats were given a commercial diet (CE-2, CLEA Japan, Inc., Tokyo, Japan) for 3 d before starting the experiments. This study was approved by the Institutional Animal Care and Use Committee of Kobe Women's University, Faculty of Home Economics.
Chemicals. The rats were anesthetized using ␣ -chloralose and urethane ( 24 ) , which were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and Tokyo Chemical Industry, Co., Ltd. (Tokyo, Japan), respectively. Oleuropein (No. 0204, Extrasynthese Genay, France) was a commercially available chemical with a purity of approximately 80%. Oleuropein aglycone was prepared by the enzymatic removal of glucose (37˚C, 36 h) with ␤ -glucosidase (Wako306-50941, from almond, 2,000 U/54.4 mg; Wako Pure Chemical Industries, Ltd.), i.e., the reaction was performed by mixing 200 mL of oleuropein solution (10 mg/mL) and 10 mL of ␤ -glucosidase solution (20 mg/mL) and shaking at 100 strokes/min at 37˚C for 36 h. Both oleuropein and ␤ -glucosidase solutions were prepared by dissolving in 0.1 mol/L acetate buffer (pH 4.2). The removal of the glucose molecule in oleuropein was confirmed by TLC analysis and the purity of oleuropein aglycone obtained was approximately 100%. The structures of oleuropein and oleuropein aglycone are shown in Fig. 1 .
Experiment 1 (in vivo)
. The experimental diet used in Experiment 1 was a high-fat diet containing 30% shortening (control diet) with oleuropein supplementation (1, 2 or 4 mg/kg of diet; 0.1, 0.2 or 0.4% oleuropein diet, respectively), as shown in Table 1 . Rats weighing 80-90 g were separated into four groups of 6 to 7 rats and were each given the control diet or 0.1, 0.2 or 0.4% oleuropein diet for 28 d. Each group of rats was offered the diets in appropriate amounts such that the three groups consumed the same amount of metabolizable energy during the experimental period, and the food consumption in all the three diet groups was approximately equivalent to the maximal diet that rats can consume under these conditions. At the end of the experimental period, the rats were transferred into individual metabolic cages, where urine and feces were separately collected for 1 d. Previously, we confirmed that the daily urinary excretions of noradrenaline and adrenaline are not affected by the stress of placing the animals in a metabolic cage. Each urinary sample was collected in a bottle containing 1 mL of 6 mol/L HCl. After the collection, urinary total noradrenaline and adrenaline excretions were determined by the method of Davidson and Fitzpatrick ( 25 ) . Urinary creatinine excretion was measured by the method of Clark and Thompson ( 26 ) . After being fed for 28 d [on day 29], the rats were anesthetized by intraperitoneally injecting of ␣ -chloralose and urethane (75 and 750 mg/kg of body weight, respectively). Blood samples were collected from the abdominal aorta, and plasma was separated by centrifugation (3,000 ϫ g for 15 min). After collecting blood samples, the liver, kidney, perirenal adipose tissue and epididymal fat pad were immediately excised and weighed. All samples were stored at Ϫ 40˚C until analysis. Plasma triglycerides and free fatty acid concentrations were determined enzymatically using commercial kits (triglycerides, Triglyceride G-test Wako; free fatty acids, NEFA C-Test Wako, Wako Pure Chemical Industries, Ltd.) Plasma total cholesterol concentrations were measured by the method of Pearson et al. ( 27 ) . Plasma leptin concentrations were determined using commercial kits (Rat Leptin ELISA Kit Wako, Wako Pure Chemical Industries, Ltd.) The experimental IBAT UCP1 content analysis by Western blotting was performed as reported previously ( 28 ) . IBAT was immediately removed from the rats and weighed, and IBAT mitochondria were isolated as reported previously ( 29 ) , and the total protein content in IBAT was measured with a DC protein assay kit (BioRad). The mitochondrial fraction (5 g) isolated from the IBAT of each rat was subjected to reducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred onto a nylon membrane, and reacted with anti-rat UCP1 serum ( 28 ) . Its specificity has been reported elsewhere ( 30 ) . UCP1 protein content was determined by Western blot analyses, as previously described ( 31 ) . These membranes were then incubated with pig anti-rabbit IgG antibody conjugated with horseradish peroxidase (Dako Japan, Kyoto, Japan). UCP1 was thus quantified by densitometric and image analysis and expressed as a relative value for each group of rats.
Experiment 2 (in situ)
. Rats weighing about 250 g were anesthetized, as described in Experiment 1, and their rectal temperature was maintained between 36.5 and 37.5˚C using a direct-current heating pad. Six to seven rats were used in the evaluations of oleuropein and oleuropein aglycone, and for comparison with rats receiving vehicle injection alone (9 g/L NaCl solution containing 2% ethanol and 0.5% Tween 80). In the case of oleuropein, the rats were individually administered 1 mL of the vehicle containing 10 mmol/L (5.4 mg) to 50 mmol/L (27.0 mg) oleuropein into the right femoral vein over 1 min. Oleuropein aglycone (1 mmol/L (0.38 mg) to 20 mmol/L (76 mg)) in 1 mL of the vehicle was injected into the right femoral vein over 1 min. Blood samples were collected from the abdominal aorta after 10 min. Blood samples from each rat were collected into heparinized tubes, and plasma was obtained by centrifugation. Plasma noradrenaline and adrenaline were purified with aluminum oxide and assayed by HPLC with electrochemical detection as described previously ( 32 ) .
Statistical analysis. All data are presented as means Ϯ SE. Statistical analyses were carried out with the Statistical Package for Social Sciences (SPSS13.0 for Windows, SPSS, Chicago, IL). All data were analyzed by one-way ANOVA, and significant differences between means were evaluated by the Bonferroni post-hoc test. The relationships between the plasma noradrenaline and adrenaline concentrations and the administrations of oleuropein and oleuropein aglycone for doseresponse measurements in Experiment 2 were determined by regression analysis. Differences with p Ͻ 0.05 were considered significant.
RESULTS

Experiment 1
After 28 d of dietary treatment, the body weight, body weight gain, energy efficiency and epididymal fat pad weight of rats fed the 0.4% oleuropein diet were significantly lower than those of rats fed the control diet, and those of rats fed the 0.1 and 0.2% oleuropein diets were lower, although there were no significant differences. The perirenal adipose tissue weights of rats fed the 0.2 and 0.4% oleuropein diets were significantly lower than those of rats fed the control diet, and those of rats fed the 0.1% oleuropein diet were lower, although there were no significant differences. There were no significant differences in liver weight, kidney weight and urinary creatinine level among rats fed the experimental diets ( Table 2 ). The plasma triglyceride and leptin concentrations of rats fed the 0.2 and 0.4% oleuropein diets were significantly lower than those of rats fed the control diet, and those of rats fed the 0.1% oleuropein diet were lower, although there were no significant differences. The plasma free fatty acid and total cholesterol concentrations of rats fed the 0.1, 0.2 and 0.4% oleuropein diets were significantly lower than those of rats fed the control diet ( Table 2 ). The IBAT UCP1 contents of rats fed the 0.1 and 0.2% oleuropein diets were significantly higher than those of rats fed the control diet, whereas there were no significant differ- ences between rats fed the 0.4% oleuropein diet and those fed the control diet (Fig. 2) . The urinary excretions of noradrenaline and adrenaline were significantly higher in rats fed the 0.2% oleuropein diet than in rats fed the control diet. Moreover, they were higher in rats fed the 0.1% oleuropein diet than in rats fed the control diet, although there were no significant differences between rats fed the 0.4% oleuropein diet and those fed the control diet (Fig. 3) .
Experiment 2
The dose-response relationships with respect to plasma noradrenaline and adrenaline concentrations in rats following oleuropein administration are shown in Fig. 4 . Both plasma noradrenaline and adrenaline concentrations were significantly increased in rats that received 30 mmol/L (16.2 mg) or 50 mmol/L (27 mg) oleuropein compared with those that received the vehicle alone, whereas with the administration of 10 mmol/ L (5.4 mg) or 20 mmol/L (10.8 mg) oleuropein, such an increase was observed but there were no significant differences. The observed increase was dose-dependent, and there was a significant positive correlation between the noradrenaline and adrenaline concentrations and the dose of oleuropein [noradrenaline, p Ͻ 0.001 ( r ϭ 0.549); adrenaline, p Ͻ 0.0001 ( r ϭ 0.581)].
The dose-response relationships with respect to plasma noradrenaline and adrenaline concentrations in rats following oleuropein aglycone administration are shown in Fig. 5 . The plasma noradrenaline concentration was significantly increased in rats that received 3 mmol/L (1.14 mg) or 5 mmol/L (1.9 mg) oleuropein aglycone compared with those that received the vehicle alone, whereas with the administration of 1 mmol/L (0.38 mg) or 2 mmol/L (0.76 mg) oleuropein aglycone, such an increase was observed but there were no significant differences. The plasma adrenaline concentration was significantly increased in rats that received 2 mmol/L (0.76 mg), 3 mmol/L (1.14 mg) or 5 mmol/L (1.9 mg) oleuropein aglycone compared with those that received the vehicle alone, whereas with the administration of 1 mmol/L (0.38 mg) oleuropein aglycone, such an increase was observed but there were no significant differences. The observed increase was dose- (10, 20, 30 or 50 mmol/L), the noradrenaline and adrenaline concentrations were similarly increased by the oleuropein and oleuropein aglycone administrations, as shown in Figs. 4 and 5 . Both plasma noradrenaline and adrenaline concentrations were dose-dependently increased in rats that received 1 mmol/L (0.38 mg) to 3 mmol/L (1.14 mg) oleuropein aglycone and then reached a plateau. Oleuropein aglycone stimulated the secretory activities of noradrenaline and adrenaline about tenfold more potently than oleuropein.
DISCUSSION
In Experiment 1, the effects of oleuropein supplementation on thermogenesis in IBAT (UCP1) and on noradrenaline and adrenaline secretions in rats fed a high- fat diet containing 30% shortening were investigated in vivo. We conducted Experiment 1 as a model for the analysis of the effects of oleuropein on thermogenesis in rats fed a high-fat diet. Our data indicate that oleuropein enhances urinary noradrenaline and adrenaline excretions, and decreases body fat accumulation, as well as the weights of perirenal adipose tissue and epididymal fat pad, by increasing triglyceride catabolism by the elevation of thermogenesis in IBAT via an increase in UCP1 content. In particular, thermogenesis phenolic compound in olive oil, is absorbed poorly in an isolated perfused rat intestine. However, they indicated that the rate of oleuropein absorption after oral ingestion is actually higher than that predicted in their study using an in situ intestinal perfusion model. They suggested that oleuropein and its metabolites confer a positive health benefit after the consumption of olive oil, most likely via an antioxidant mechanism (34). Vissers et al. (35) suggested that humans absorb a large amount of the ingested olive oil phenols, mainly in the small intestine, and that oleuropein (glycosides) and oleuropein and ligstroside aglycones are hydrolyzed in the gastrointestinal tract. They also suggested that the human body is able to hydrolyze oleuropein and ligstroside aglycones into hydroxytyrosol and tyrosol, and to metabolize these phenols extensively, probably after absorption in the small intestine, although the mechanism of absorption is not clear for oleuropein and ligstroside-like substances (35) . They estimated that the apparent rate of oleuropein absorption is 66-73% in ileostomy subjects (35) . According to this data on humans by Vissers et al. (35) , in the present study, it could be considered that using 60% as the rate of oleuropein absorption as reference (66-73%), the total amounts of oleuropein ingested for 28 d with the 0.1, 0.2 and 0.4% oleuropein diets were about 258 mg (9.2 mg/d), 516 mg (18.4 mg/d) and 1,032 mg (36.9 mg/d), respectively. We considered that excessive oleuropein ingestion in rats fed the 0.4% oleuropein diet for 28 d induces a decrease in the metabolic rate. Similarly, from our preliminary experiment, we confirmed that the oleuropein ingestion of 129 mg per rat with the 0.05% oleuropein diet for 28 d (4.6 mg/d) does not affect thermogenesis (data not shown).
Bravo (36) reviewed the metabolism of phenolic compounds including olive oil phenolics and suggested that some polyphenolic compounds are metabolized within the gastrointestinal tract. In addition, it was suggested that aglycones and free simple phenolic compounds can be directly absorbed through the small intestinal mucosa conversely and that glycosides must be hydrolyzed to their corresponding aglycones before absorption (36) . Therefore, in the present study, it could be considered that the induction of UCP1 in IBAT is caused by the stimulation of noradrenaline and adrenaline secretions via the elevation of oleuropein aglycone concentration in blood due to the accumulation of oleuropein aglycone absorbed in the small intestine after the hydrolysis of oleuropein in the gastrointestinal tract with the daily continuous intake of oleuropein from the 0.1 or 0.2% oleuropein diet for 28 d.
In Experiment 2, to identify the components of EVolive oil that enhance triglyceride catabolism and thermogenesis, the effects of oleuropein, a phenolic compound in EV-olive oil, on plasma noradrenaline and adrenaline concentrations were investigated in anesthetized rats in situ. Our data indicate that the administration of oleuropein or oleuropein aglycone significantly increases plasma noradrenaline and adrenaline concentrations. Oleuropein is the pungent principle of olives and is found in EV-olive oil and in its aglycone form. The concentrations of oleuropein and oleuropein aglycone have been reported to be 2.04Ϯ0.78 and 18.64Ϯ3.36 mg/kg in EV-olive oil, respectively (7) . On the basis of these data, the doses of oleuropein and oleuropein aglycone in the present study could therefore be considered as being equivalent to physiological levels consumed by the normal dietary intake of EV-olive oil. In the physiological state, it might be considered that another form of oleuropein aglycone exists in the bloodstream, although oleuropein was not observed in rats fed the EV-olive oil. Accordingly, we conducted Experiment 2 (in situ) as a model for the comparison of the effects of oleuropein and oleuropein aglycone on catecholamine secretion by infusion into the femoral vein. The present study indicates that oleuropein aglycone is about 10 times more active than oleuropein in stimulating the secretions of noradrenaline and adrenaline. It could be considered that this stronger secretion-stimulatory activity of oleuropein aglycone is caused by the difference in the degree of pungency between oleuropein and oleuropein aglycone. Both oleuropein and oleuropein aglycone in EV-olive oil increase bitterness and pungency (1, 12) . In our preliminary experiment, we confirmed that oleuropein aglycone activates the rat capsaicin receptor TRPV1 (transient receptor potential vanilloid subtype 1) expressed in HEK 293 cells to the same extent as zingerone and that oleuropein shows a lower degree of TRPV1 activation than its aglycone by one order of magnitude or lower (unpublished data). Therefore, it could be considered that the pungency of oleuropein aglycone more strongly stimulates noradrenaline and adrenaline secretions than that of oleuropein, from the results of Experiment 2 in situ. Previously, we reported that in rats, the pungent principles of allyl-containing sulfides in garlic enhance thermogenesis by increasing the UCP1 content in IBAT and also by increasing noradrenaline and adrenaline secretions (37) . We suggested that allyl-containing sulfides in garlic enhance thermogenesis via the ␤-adrenergic stimulation of the sympathetic nervous system by increasing noradrenaline secretion in rats (37) . We consider oleuropein and oleuropein aglycone to enhance triglyceride catabolism and thermogenesis by a similar mechanism. In the present study, it could be considered that oleuropein is hydrolyzed in the gastrointestinal tract and absorbed in the small intestine as oleuropein aglycone and that the pungency of oleuropein aglycone enhances thermogenesis via an increase in UCP1 content in IBAT by increasing noradrenaline and adrenaline secretions. Therefore, the present study indicates that a phenolic compound, the pungent principle of oleuropein (both forms of oleuropein and oleuropein aglycone) in EV-olive oil, is responsible for the enhancements of noradrenaline and adrenaline secretions as well as thermogenesis, as indicated by the increased UCP1 content in IBAT.
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